One-sentence summary: Maize drooping leaf genes are necessary for proper leaf development and reside within quantitative trait locus regions for agronomically important leaf architecture traits.
INTRODUCTION 1
Leaves maximize light capture and gas exchange across myriad environments and serve 2 as the primary photosynthetic organ for almost all angiosperms. In natural and agricultural 3 settings, leaves ultimately contribute to complex canopy architectures. For cereals like maize 4 (Zea mays), canopy structure is a key component of optimal crop density (Pepper et al., 1977) . 5
Over the past century, breeders have mined diverse germplasms for alleles that alter leaf 6 architecture traits, such as blade length, width and angle, which are expressions of leaf patterning 7 and collectively refine canopy structure. Modern maize commercial hybrids exhibit upright leaf 8 architecture, a trait that maintains efficient light capture under denser planting practices (Duncan, 9 1971; Lambert and Johnston, 1978) and has led to significant gains in grain yield (Pendleton et 10 al., 1968; Duvick, 2005) . A fundamental question in plant developmental biology remains how 11 leaf architecture is established and maintained during organogenesis. 12
The bifacial leaves of maize arise distichously (alternately in two vertical rows) as lateral 13 primordia at the flank of the shoot apical meristem (SAM). Within the meristem, founder cells 14 for the incipient leaf primordium are recruited in concert with those of the subtending internode 15 and its associated axillary meristem (Sharman, 1942; McDaniel and Poethig, 1988) . Together, 16 these vegetative organs comprise a repeating unit of the shoot called a phytomer (Galinat, 1959) , 17 and the developmental interval of iterative, phytomer initiation is called a plastochron 18 (Lamoreaux et al., 1978) . Three discrete axes that define the mature maize leaf-proximal-19 distal, medial-lateral, and adaxial-abaxial-are established early and become apparent as the 20 primordium emerges from the SAM periphery (Supplemental Figure 1 ; reviewed in Foster and 21
Timmermans, 2009). Along the proximal-distal axis, the auricle and ligule define the boundary 22 between the distal blade and proximal sheath. Functioning like a hinge, the mature auricle and 23 ligule region contributes to canopy structure by angling the leaf and supporting midrib away 24 from the stem. The medial-lateral axis is defined by the medial midvein and two lateral margins, 25 with lateral veins running parallel between them (Sharman, 1942; Bosabalidis et al., 1994; 26 Scanlon et al., 1996) . Patterning along the adaxial-abaxial axis produces distinct epidermal 27 characters, such as adaxial macrohairs and bulliform cells (Kiesselbach, 1949) , and internal 28 tissue arrangements such as polarized vascular bundles where xylem and phloem are positioned 29 adaxially and abaxially, respectively (Russell and Evert, 1985) . Figure 6B and 6C) . We sequenced the yab2 locus in ifa1 mutants and discovered 247 a single base pair insertion in the 3' splice acceptor site of the second exon/intron boundary 248 ( Figure 4B ) that was not present in the maize HapMap2 dataset (Chia et al., 2012; 249 www.panzea.org; www.maizesequence.org). The drl1-ifa splice variant introduces a stop codon 250 twenty-two amino acids downstream of the 3' splice acceptor site (Supplemental Figure 8A) . 251
Overall, the lesions at drl1, identified in three independently isolated alleles, prove that drl1 252 corresponds to the yab2 gene. 253
We did not identify any putative lesions by sequencing the yab7 locus in drl1-R; drl2-M 254 individuals nor in the Mo17 inbred. We also searched in silico for predicted nonsynonymous 255 nucleotide variation in the yab7-Mo17 coding sequence relative to the B73 (non-enhancing) 256 haplotype and found variation at two positions, encoding P167A and N205S (B73>Mo17) 257 polymorphisms (Supplemental Figure 8B ). Both were confirmed by sequencing the drl2-M 258 allele and verified in the maize HapMap2 dataset. However, these amino acid substitutions from 259 nonsynonymous variation fall outside conserved regions in the DRL proteins (Supplemental 260 Figure 8B ) and are therefore expected to bear minimal, if any, effect on function. Similarly, in 261 the drl2-M allele, the 3-prime UTR contains a 24 bp insertion relative to B73, but the same 262 polymorphism is present in the non-enhancing drl2-P allele (Supplemental Figure 9) . We next 263 evaluated expression of yab7 in shoot apices of maize inbred lines B73, Mo17 and W22 and of 264 drl1-R introgressions in those same backgrounds. We found measurable reduction of yab7 265 expression in Mo17 apices relative to its expression in B73 apices (Supplemental Figure 9) , 266 suggesting that drl2-M enhancement of drl1 alleles is reflected by yab7 levels. Correspondingly, 267 yab7 expression was slightly reduced in W22 apices (Supplemental Figure 9) , and we found that 268 backcrossing the drl1-R allele into the W22 inbred line uncovered subtle enhancement of the 269 drl1-R mutant phenotype (Supplemental Figure 2B) . In W22 we observed graded enhancement 270 of the drl1-R mutant phenotype in the drl2-M/drl2-W trans-heterozygous plants, and strong 271 enhancement in the drl2-M homozygous plants equivalent in severity to drl2-M enhancement in 272 the B73 inbred (Supplemental Figure 2) . Thus, allele-specific expression levels of yab7 273 correlated with the effects of the drl2 enhancer of drl1 on leaf traits. To confirm that synergistic 274 phenotypic interactions with drl2-M were due to genetic variation at the yab7 locus, we used Ds 275 transposon insertional mutagenesis (Li et al., 2013) . Insertion of a Ds transposon in intron 2 of 276 yab7, the drl2-tdsgR22D08 allele (hereafter referred to as drl2-DsD08; Figure 4B ) dramatically 277 11 reduced yab7 transcript levels relative to the progenitor allele from which drl2-DsD08 arose 278 (Supplemental Figure 9) . Similarly, the drl2-DsD08 allele enhanced all aspects of the drl1-R 279 leaf phenotypes (Supplemental Figure 10) Panicum virgatum, Sorghum bicolor, foxtail millet (Setaria italica), and maize, and from 290 Arabidopsis confirmed two highly conserved domains: an N-terminal C 2 C 2 zinc-finger domain 291 and a C-terminal helix-loop-helix YABBY domain, which shares sequence homology to the high 292 mobility (HMG) box family of DNA binding proteins ( Figure 4C ) (Bowman and Smyth, 1999) . 293
Like what is observed for Arabidopsis and rice YABBY proteins, amino acids flanking the C 2 C 2 294 zinc-finger and YABBY domains show the greatest degree of residue variation in maize 295 (Supplemental Figure 8B) . 296
Bayesian phylogenetic analysis on the thirteen YABBY proteins from maize, the eight 297 from rice (Toriba et al., 2007) , and the six from Arabidopsis (Bowman and Smyth, 1999) placed 298 the duplicate DRL1 and DRL2 proteins within a well-supported clade with the Arabidopsis CRC 299 and rice DL proteins ( Figure 4D VISTA footprint analysis (Supplemental Figure 11) . Leveraging the sequenced genomes of 314 many grasses (http://phytozome.jgi.doe.gov), we confirmed the critical CNS in intron 2 of rice 315 and sorghum DL and maize drl1 and drl2 (Supplemental Figure 11B and 11G) . We found that 316 this CNS is also conserved in several additional grasses, including Pooid members B. distachyon, 317 wheat (Triticum aestivum), and Panicoid members P. virgatum, S. italica, and S. viridis, and 318 consists of two highly conserved nucleotide sub-blocks: one of 18 nucleotides (100% identity) 319 and another of 65 nucleotides (83% identity) (Supplemental Figure 11N) . It is tempting to 320 speculate that disruption of this CNS in intron 2 in the drl2-DsD08 allele is causative to the 321 reduction in yab7 expression and the subsequent enhancement of the drl1 mutant phenotypes. 322
We also found putative Panicoid-specific CNS regions, located in the maize genes yab3 (intron 323 2), yab5 (intron 1), yab8 (intron 4) and yab11 (intron 1, regions 1.1 and 1.2) (Supplemental 324 Figure 11C , 11E, 11H, and 11K, respectively). Interestingly, a CNS that appears to be specific 325 In drl2-M apices, drl1 transcripts were detected at levels comparable to their 380 accumulation in B73 apices ( Figure 6E ). However, in drl1-R mutant apices, drl1 transcripts 381 were reduced and only detected at P0-P1 stages ( Figure 6D ); a similar reduction was observed in 382 drl1-R; drl2-M apices ( Figure 6F ). Interestingly, accumulation of drl2 transcripts was similarly 383 reduced and only detected at P0-P1 stages in drl2-M apices ( Figure 6K ), but near normal levels 384 were observed in primordia beyond P2 in drl1-R mutant apices ( Figure 6J ). The degree of drl2 385 transcript accumulation in drl2-M apices was supported by RT-PCR, which showed reduced drl2 386 transcript levels in drl2-M shoot apices (Supplemental Figure 9) . Similarly, as was observed for 387 drl1, accumulation of drl2 transcripts in drl1-R; drl2-M apices was low and limited to P0 and P1 388 ( Figure 6L ). Thus, in either respective single homozygous or double homozygous class, we were 389 unable to detect drl1 or drl2 transcripts consistently beyond P1, a critical stage in primordium 390 development where sclerenchyma tissue and that of neighboring provascular tissue differentiate 391 concomitantly. These data illustrate the critical timing and tissue specificity of drl1 and drl2 392 expression during the early stages of midrib development. Table 1 ). 426
To identify regions on chromosomes 1 and 9 controlling variation in leaf and stem 427 architectures, we tested the association of 6.9 million segregating polymorphisms from maize 428 and was of strong effect (-1 to -1.5 mm; Figure 7G ). The other hit (RMIP = 0.07) was found in 464 intron 5 in HP301, Il14H, M37W and NC350 and was of modest effect size (-1 mm; Figure 7G ). 465
The third GWAS hit (RMIP = 0.01) for average internode length was also found in intron 5 for 466 seven NAM founder lines (Supplemental Data Set 1) and was of small effect ( Figure 7G ). We 467 found that drl2 resided in a poorly resolved QTL for leaf angle ( Figure 7D ), and SNPs in the 468 locus proximity had small phenotypic effects ( Figure 7H ). These data demonstrate that natural 469 variation in maize breeding lines at the drl loci affects various aspects of leaf and stem 470 architectures, agronomically important yield traits. and Buckler, 2014). We tested for digenic (two-locus) effects among leaf architecture QTL (see 475
Methods) and did not identify any significant digenic epistatic interactions between associations 476 (Supplemental Figure 14) . These data suggest that among the leaf architecture QTL we detected 477 around the drl loci, the epistasis effects are unimportant or very minor in controlling leaf traits. 478
Alternatively, because of the low diversity at drl1, the NAM alleles that may associate with it are 479 rare; hence, any epistatic interactions with it will also be infrequent, to the point that it may not 480 be possible to identify them with this dataset. Mutations in drl1 altered leaf and stem architectures, and these phenotypes were 580 enhanced by the drl2-M allele. We considered the drl loci to be candidates for leaf and stem 581 QTL and examined them for enriched proximity to previously published GWAS SNPs for leaf 582 and stem traits. We identified polymorphisms within QTL intervals for drl1 and drl2 that are 583 associated with variation for leaf and internode traits (Figure 7) . Importantly, our GWAS 584 identified rare SNPs with large phenotypic effects for leaf width and average internode length 585 water, and 2 µL was used as template for PCR. A remobilization event of the B.S05.0371B 659 element was detected using a three-primer strategy. PCR was performed under standard 660 conditions using GoTaq®Green Master Mix (Promega) with 5% DMSO (v/v) plus two Ds-661 specific primers and one drl1-specific primer or two drl1-specific primers plus one Ds-specific 662 primer (Supplemental Table 2 ). Amplification followed standard conditions, and amplicons 663 were resolved using agarose gel electrophoresis. Pools that contained a putative Ds insertion 664 were deconvoluted to a single plant using the same DNA isolation methods described above, 665 except that two discs of leaf tissue were taken from the second visible leaf from each of the eight 666 plants that comprised a single pool. When a Ds amplicon was isolated from a single plant, 667
Sanger sequencing of the amplicon using the Ds end primer determined the exact location of the 668 new insert, and the plant was transplanted and grown to maturity to recover the drl1-Ds allele 669 through pollinations. identical. Antisense probes were generated by PCR amplification of cDNA with the goal of 721 capturing stretches of unique sequence between the drl paralogs. Two fragments for drl1 722 consisted of 585 bp that spanned exons 2 and 7 (drl1_F1 + drl1_R7; 88% identical with drl2) and 723 300 bp that spanned exon 7 and the 3' UTR (drl1_F8 + drl1_R4; 73% identical with drl2), and 724 two fragments for drl2 that consisted of 603 bp that spanned exons 1 and 7 (drl2_F17 + 725 drl2_R11; 93% identical with drl1) and 369 bp that spanned exon 5 and the 3' UTR (drl2_F11 + 726 drl2_R9; 79% identical with drl1). Despite in some cases shared sequence identity between the 727 drl probes, probe specificity for highly homologous genes in the shoot apical meristem has been 728 demonstrated previously by in situ hybridization (Jackson et al., 1994). Fragments were 729 subcloned into pCR TM 4-TOPO® (Invitrogen) and confirmed by Sanger sequencing. Antisense 730 digoxygenin-UTP labeled RNA were generated for drl1 and drl2 using a DIG RNA Labeling Kit 731 (Roche). For drl1 hybridizations, equal amounts of the two probes for drl1 were mixed prior to 732 hybridization. Similarly for drl2 hybridizations, equal amounts of the two probes for drl2 were 733 mixed prior to hybridization. Primer sequences for in situ probes are provided in Supplemental 734 Table 2 . 735
Shoot apices from 1-month-old seedlings were dissected and placed individually in 600 736 µL Trizol (Thermo-Fisher) and stored at -80˚C until processing. Five 3 mm tungsten carbide 737 beads (Qiagen) were added and the samples ground for 30 seconds in a Genogrinder (Spex 738 SamplePrep). The grindates were transferred to a new tube and incubated at room temperature 739 for 10 min., followed by centrifugation at 4˚C for 10 min. The supernatants were diluted with an 740 26 equal volume of ethanol, and total RNA was prepared using Direct-zol™ RNA miniPrep 741 (including DNAse-I treatment-Zymo Research Corp). cDNA was generated from 4 µg of total 742 RNA using RNA to cDNA EcoDry™ Premix (Double Primed) reagents (Takara Bio USA). The 743 cDNA was diluted 1:1 with water, and 1.0 µL was used for PCR. Yab2 (drl1_F8 + drl1_R4), 744 yab7 (EUO1128 + EUO1131) and ubiquitin (Ubi_F1 + Ubi_R1) PCR followed standard 745 conditions using GoTaq®Green Master Mix (Promega corp.), Ta= 60˚C, 1 min. extension at 746 72˚C for 31 and 35 cycles. Primer sequences are listed in Supplemental Table 2 . 
Test for epistasis 789
Epistasis between drl1 and drl2 was tested within each of the 25 families of the maize 790 NAM population. First, a one-megabase window around each gene was identified and 100 791 polymorphic SNPs for each family extracted from these windows. Each drl1 SNP was then 792 tested with each drl2 SNP in linear models that included either just the two SNPs themselves or 793 the SNPs plus an interaction (epistasis) term. The P-value for epistasis was determined by 794 performing a likelihood ratio test of the two models, and all pairwise interaction P-values 795 (10,000 total) were averaged to obtain a single mean P-value. (Since linkage disequilibrium 796 within each NAM family decays very slowly, all SNPs within the region are tagging the same 797 locus. Averaging was done primarily to account for different levels of missing data among the 798 SNPs that could bias the results.) The same procedure was then repeated with 100 random pairs 799 of regions across the maize genome, where each pair had to be located on separate chromosomes 800 and no region could be within 50 megabases of drl1 or drl1. The results for these random regions 801 28 forms a null distribution, and comparing this distribution to the actual results from drl1/drl2 802 yields an empirical P-value of how frequently such a result would occur by chance. 803
804
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Maize: yab1, GRMZM2G054795; drl1, GRMZM2G088309; yab3, GRMZM2G106204; 808 yab4, GRMZM2G046829; yab5, GRMZM2G116646; yab6, GRMZM2G074124; drl2, 809 GRMZM2G102218; yab8, GRMZM2G529859; yab9, GRMZM2G074543; yab10, 810 GRMZM2G167824; yab11, GRMZM2G141955; yab12, GRMZM2G085873; yab14, 811
GRMZM2G005353. 812
Rice: DL, LOC_Os03g11600.1; yab1, LOC_Os07g06620.1; yab2, LOC_Os03g44710.1; 813 yab3, LOC_Os10g36420.1; yab4, LOC_Os02g42950.1; yab5, LOC_Os04g45330.1; yab6, 814 LOC_Os12g42610.1; yab7, LOC_Os07g38410.1. 
